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Hartree-Fock and second-order perturbation theory methods were used to determine structures and binding
enthalpies of complexes formed from a single alkali metal cation thiough C3) and one or two 1,2-
dimethoxyethane ligands or 12-crown-4. These calculations employed multiple basis sets in order to determine
the sensitivity of the results to the completeness in the one-particle basis. The results are compared with
recently reported collision-induced dissociation experimental findings. In general, good agreement was found
between the experimental and theoretical bond dissociation enthalpies, although for the heavier cations
discrepancies of as much as 14 kcal/mol or more were uncovered. Possible reasons for these anomalies are
discussed.

I. Introduction In the present work we report the results of an ab initio

theoretical study of cationether complexes of the form: M

The class of gycllc molecules .known as crown ethers (DXE)n, n = 1 or 2, where M= Li, Na, K, Rb, Cs and DXE
possesses the ability to bind specific metal cations in complex .

) . S . - is 1,2-dimethoxyethane. We have also investigated complexes
solutions of chemically similar ions. This characteristic has led involving the 12-crown-4 (12c4) macrocycle. The current
to the widespread use of crowns as chemical separation agents 9 ycle.

Their suitability for dealing with the high-level wastes on the ﬁndlngs will be analyzed_ inlight Of. the available CID
Hanford nuclear reservation in Washington state is currently experimental bond enthalpies and previously reported data for

being examined. Because of the scope of the radioactive € refated dimethyl ether ligarié.* The behavior of com-
contamination at this and similar sites around the world, there Pléxes formed from these acyclic ethers will be contrasted with
are strong economic incentives to improve the separation agent'sL2¢4, where even the smallest of the alkali metals is too large
ability to discriminate in favor of the target cation and to O fit completely within the macrocycle cavity. By comparing
improve the ease with which the ligand incorporates the cation, 0ur results with the CID values, we hope to improve our
Any progress in this direction rests upon a basic understandingunderstanding of the cause of the disagreement between theory
of the relative importance of the variety of factors governing and experiment for the K18c6 and C5:18c6 complexes. The

cation/ether interactions. smaller size of the M(DXE), complexes will permit higher
Much of the nuclear waste is dissolved in high-pH sludge in levels of theory to be applied than would be possible with 18c6
large underground storage tanks. Computational médélsf or its derivativeg3.14.31.38

the complex molecular processes occurring in solution and at  The physics of cation/ether interactions can be qualitatively
the liquid/solid interface require a reliable body of both gas- described by a simple chargeharge/chargedipole electro-
and liquid-phase data upon which to draw. Empirical force static model. For example, Hay and Rudfdthve emphasized
fields, which serve as the foundation of aqueous-phase moleculathe importance of properly aligning the ether oxygen dipole
dynamics simulations, must be calibrated against experimentmoments in the direction of the metal cation, whereas tradition-

or higher levels of theory. ally the focus was on matching the cation’s diameter to the
Accurate experimental values of such fundamental quantities crown cavity. This model implies that binding strength is
as gas-phase catierether bond dissociation enthalpie%, primarily a function of (1) the number of available electron

would provide an ideal complement to theoretical predictions. donor sites within the crown, (2) their basicity, (3) the distance
Unfortunately, Vel’y feW Of the experimenta| StudieS COI’]dUCted Separa“ng the meta' Ca“on and the ether oxygensy and (4) the
over the past several decades have attempted to measure thigignment of the dipoles. The last two effects are loosely
quantity’®—3° One of the few that did is the work of Katritzky  5550ciated with the issue of matching cation/crown size, but
et al?® on 18-crown-6 (18c6). For reasons that were not clear, his simple model fails to include the crown distortion energy
agreement with moderately high-level ab initio calculations was - may be required to optimize the electrostatics. Stétlies
poor3! Very recently, a new collection of collision-induced have shown that the third factor dominates for gas-phase
dissociation (CID) measuremefits’” of cation/ether bond complexes. Thus, among the alkali cations 18c6 bindisidst
_enthalpies have appea}red in the literature. These provide anstrongly, bécausé the M-O distance is the shortest, despite
important new comparison set for theory. strain resulting from the folding of the macrocycle backbone.
T Current address: Department of Chemistry, Indiana State University, Binding decreases monotonlcglly for e;Ch of the h.ea\.”.er alkall
Terre Haute, Indiana 47809. metals. The work of Glendening et®&[* showed significant
*To whom correspondence should be addressed. nonclassical contributions to binding from effects such as charge
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transfer, especially for the alkaline earth dications. A proper m _Zocco
description of the cation’s polarizability was also found to be . 5 oD h P8
important. o 1—#64 (1.889) A - K: 59.2(59.9)°
. . A Rb: 61.2(61.6)°
a: 2250 g‘giggﬁ Cs: 625 (62.2)
Il. Procedure Rb: 2.923 (2.873) A free: 73.8 (75.0)°
Cs: 3.160 (3.095) A :
Bond dissociation enthalpies were computed for the- M T (top view)
(DXE), and Mt:12c4 complexes by first optimizing the @
structures of the complexes at the restricted Hartfemck - ZomM*o M+ __Locc
’ . . Li: 90.1(89.2) Li: 108.1 (107.3)°
(RHF) level of theory. For this purpose a hybrid basis set Na: 75.6 (77.0)° O Na: 109.8 (109.1)°

consisting of 6-3+G*3%41 for oxygen and 6-31G* for hydro- Rb: ooy 35,07

gen, lithium, carbon, and sodium was used, equivalent to the  Cs: 53.7 (54.6) /

K: 110.4 (109.5)°
Rb: 110.6 (109.7)°
Cs: 110.7 (110.0)°
free: 109.6 (108.6)°

basis set used in previous studies. K, Rb, and Cs were treated M Reo
with effective core potentials (ECPs) from Hay and W#dltjth Li: 1.423 (1.450)A R,

- : Na: 1.417 (1.446) A Li: 1.421(1.447) A
core definitions that excluded the - 1) atomic shell, e.g., K 1412 (1.442) A L 1.415((1_442))@:\
the potassium (3s, 3p) shell. A (5s, 5p)[3s, 3p] contraction 2".’ :2(1)3 q-:gg) 2 K: 1.411(1.437) A
of the original Hay and Wadt functions was used for K, Rb, free: 1.393 51242231\ oo 107 82‘22,’ 2
and Cs, with an additional six-term d-type polarization function. free: 1.394 (1.421) A

Polarization function exponents were optimized by Glendening
et al3! for the M™(H,0) systems. Relativistic mass velocity
and one-electron Darwin effects are incorporated into our
rubidium and cesium calculations via the ECPs. For the sake
of brevity, the overall collection of basis functions plus metal
ECPs will be referred to as the 6-8G* basis set throughout
this paper. Binding enthalpies at 298 K. were obtained from Figure 1. Optimized M(DXE) structuresC, symmetry) at the RHF/
standard gas-phase expressfdnssing either scaled RHF  §-31+G* and MP2/6-3%G* (in parentheses) levels of theory. The Li
harmonic frequencies (scale facter 0.9) or unscaled MP2  data was taken from Ray et®&MP2/aug-cc-pVDZ optimized metal
frequencies. All calculations were performed using Gaussian 0xygen distances are: 1.901 (Li), 2.251 (Na), 2.653 (K), 2.866 (Rb),
92% and Gaussian 9%,with geometry optimizations satisfying  and 3.118 (Cs) A.

a “tight” optimization criterion (maximum forces less than 1.5 ] )

x 1075 Ey/bohr and root-mean-square forces less thanx.0 ~ gauche-trans) was only 0.2 kcal/mol higher in energy than the
1075 Ey/bohr on the atoms). ttt conformer, ignoring zero-point vibrational effects. Zero-point

Because HartreeFock binding energies often underestimate energies for the two cor_1formers are essentially identical.
the binding energies obtained from correlated calculations by Reevaluating the energy difference at the coupled cluster level
3—6 kcal/mol, second-order MallePlesset perturbation theory ~ Of theory, including single and double excitations plus a
(MP2) calculations were performed at the RHF geometries. The Perturbative estimate of triple excitations (CCSD(T)), yields a
(n — 1) shell of electrons on the metal cations were included in Slightly larger 0.5 kcal/mol gap. All energy differences involv-
the correlation treatment. Undesirable basis set superposition"d DXE in the current study will be with respect to the ttt
error (BSSE) was minimized through use of the full counterpoise conformer.
correction of Boys and Bernartfi.

The computational procedure described thus far corresponds
exactly to the procedure used in our earlier studies of 18c6 and A, M*(DXE). The optimized RHF and MP2 structural
larger derivative$®>#*49 The use of larger basis sets or parameters for the lowest-enerdy,(symmetry) forms of M-
correlated methods to determine structures and frequenciegDXE) are shown in Figure 1. As expected, the largest variation
would have been prohibitively expensive. However, the smaller occurs for the M—O bond lengths, which increase by nearly
size of the present complexes makes it is possible to explorea factor of 2 across the ti— Cs" sequence. Correlation
these effects. Therefore, for selected complexes we haverecovery at the MP2 level increasBso by 0.02 A in Lit-
reoptimized structures and recomputed bond enthalpies at thg(DXE) and decreases it by 0.86D.07 A in the other complexes.
MP2 level using both the 6-31G* basis set and the larger aug- ~ Similar behavior was noted for the corresponding complexes
cc-pVDZ basi?®! With the latter, a [6s, 5p, 2d] all-electron  formed from dimethyl ether (DME¥ The increase iRvo
potassium basis s€twas used instead of the Hay/Wadt ECP. gives rise to a corresponding decrease in the\D—O bond

Even larger basis set calculations were performed on K  angle, despite the 22opening of the @ C—C—0O dihedral
(DXE) in order to estimate the complete basis set (CBS) MP2 angle. Even for the largest cation, this dihedral angle is still
limit. These basis sets consisted of the correlation-consistent13> smaller than the optimal value for the uncomplexed DXE.
cc-pVTZ, cc-pVQZ, and aug-cc-pVTZ sets for H, C, and O For the smaller cation®vo is slightly longer in the M(DXE)
and an [8s, 7p, 4d, 2f] basis for potassiffnThe largest of complexes than the corresponding distances in the related M
these totaled 569 functions. A single-point MP2 energy (DME), complexes, using the same basis set and metfigds.
evaluation required slightly more than 22 h on an SGI Origin This lengthening is due to the constraints on the orientation of
2000, running with four processors. the ether dipoles imposed by the DXE backbone. For the

As noted previously? DXE has two nearly degenerate heavier cations, the MO distances for the (@XE) and M-
conformers, which differ primarily in the dihedral twist angle (DME), complexes are nearly identical.
about the central €C bond. The lowest conformer is Total energies at the various levels of theory are listed in
conventionally labeled ttt (or simply trans) and posse$3gs Table 1, andAH??8values are provided in Table 2. Correlation
symmetry. Atthe highest level of theory employed in that study recovery is somewhat more important for the larger, more
(MP2/aug-cc-pVDZ), the second conformer (denoted trans polarizable cations than for the smaller ones. With the exception

(front view)

Ill. Results



Cation/Ether Complexes J. Phys. Chem. A, Vol. 102, No. 21, 1998315

TABLE 1: RHF and MP2 Energies for M *(DXE), M*(DXE),, and M*(12c4}

complex basis theory geometry Li Na K Rb Cs

MT*(DXE) 6-31+G* RHF RHF/6-31-G* —314.3258 —468.7164 —334.7397  —330.4693  —326.4982
MP2 RHF/6-3%G* —315.2054 —469.6027 —335.6952  —331.3843  —327.4172
MP2 MP2/6-31G* —315.2083 —469.6057 —335.6982  —331.3874  —327.4204
avDZ MP2 MP2/avVDZ —315.3463 —469.9367 —907.2324 —331.5712 —327.5754

est CBS MP2 MP2/VTZ —907.7143
M*(DXE), 6-31+-G* RHF RHF/6-3H1-G* —621.3784 —775.7557 —641.7160 —637.4864 —633.5100
MP2 RHF/6-31%+G* —623.1468 —777.5302 —643.6036  —639.2863  —635.3138
M*(12c4) 6-34-G* RHF RHF/6-31-G* —619.0404 —773.4245 —639.4331 —635.1636  —631.1891
MP2 RHF/6-31%G* —620.7972 775.1898 —641.2690 636.9590 —632.9887

avDZ MP2 MP2/avDZ —1212.9305

aEnergies are given in hartrees. Frozen cores included the 1s orbital on Li, C, O, and Na, the (1s, 2s, 2p) orbitals on K, the (1s, 2s, 2p, 3s, 3p,
3d) orbitals on Rb, and the (1s, 2s, 2p, 3s,3 p, 3d, 4s, 4p, 4d) orbitals on Cs. The “aVDZ" basis label refers to the aug-cc-pVDZ basis set. Atomic
6-31+G* energies are the following: L —7.2355 (RHF); N&, —161.6593 (RHF);~161.6609 (MP2); K, —27.7056 (RHF)~27.7750 (MP2);
Rbt, —23.4435 (RHF);-23.4729 (MP2); C§, —19.4790 (RHF);~19.5121 (MP2). Atomic VDZ energies are the following:*Li~7.2361 (RHF);
Nat, —161.8552 (MP2); K, —599.1700 (MP2); Rb, -23.5166 (MP2); C5 —19.5387 (MP2)° D. Ray et aF? °Estimated complete basis set
value obtained from an exponential fit of the cc-pVDZ through cc-pVQZ MP2 energies.

TABLE 2: Theoretical and Experimental Binding Enthalpies for M +(DXE), M t(DXE),, and M+(12c4}
binding enthalpyAH?%

complex basis theory geometry Li Na K Rb Cs
M*(DXE) 6-31+G* RHF RHF/6-3H-G* —61.9 —42.0 —28.6 —23.4 —19.3
MP2 RHF/6-3%G* —61.7 —42.9 —315 —26.2 —22.4
MP2 MP2/6-31%+G* —61.6 —42.5 —-31.3 —26.1 -22.3
avDZz MP2 MP2/avVDzZ —59.2 —41.7 —30.0 —-25.1 —-21.5
est CBS MP2 MP2/VTZ -32.0
CID expt —59+4 -39+1 —29+1 —23+2 —14+1
M*(DXE), 6-31+G* RHF RHF/6-314-G* -37.5 —29.5 —20.9 —-17.2 —14.0
MP2 RHF/6-3%+G* —40.7 —-31.4 —23.7 —19.8 —-16.7
CID expt —33+3 —27+2 —20+3 —-11+3 —-12+2
M*(12c4) 6-31+G* RHF RHF/6-31-G* —88.2 —63.4 —44.7 —36.9 —30.8
MP2 RHF/6-31%+G* —85.7 —61.7 —46.9 —39.1 —335
avDZ MP2 MP2/avDZ —45.8
CID expt —90+ 12 —61+3 —46+ 3 —23+3 —21+2

aBinding enthalpies (in kcal/mol) for the 6-315* basis set were corrected for the effects of basis set superposition error. The energies listed
in the row labeled “M(DXE),” correspond to incremental binding energies for the proceS$OME), — M*(DXE) + DXE. The “aVDZ" basis
set label refers to the aug-cc-pVDZ basis set for H, C, and O. The sodium basis set was cc-pCVDZ. The lithium data are taken from ?Ray et al.
Experimental uncertainties arel standard deviatior?. Estimated complete basis set value obtained from the average of the cc-pVQZ and aug-
cc-pVTZ MP2 binding enthalpies.Collision-induced dissociation experimental data are taken from (Li) D. Ray &t(&la) M. B. More et al3*
(K) M. B. More et al.? and (Rb) and (Cs) M. B. More et &.

of the CID results for C5 all of the experimental and theoretical  enthalpies are within about 1.5 kcal/mol of the CBS limits. This
M*(DXE) bond dissociation enthalpies are in good agreement is likely due to a fortuitous cancellation of error, since the
with each other. The reason for the disagreement in the case6-31+G* basis set is known to produce nontrivial errors in the
of Cst is not immediately obvious, since there was nearly perfect polarizabilities of the cations and the dipole moments of the
agreement between theory and experiment for the dissociationligands.

energy of C$(DME), and the theoretical value fell within the Convergence of the KDXE) binding energy to the complete
experimental error bars for C€DME),. The interpretation of basis set limit is shown in Figure 2 for the cc-pVxZ and aug-
the CID experiment is difficult. It involves a consideration of cc-pVxZ basis set sequences. If we correct the cc-pVDZ and
such factors as highly excited reactants, multiple collisions aug-cc-pVDZ MP2 binding energies for the effects of BSSE,
between the complex and the collision gas (Xe), and the finite the resulting values are in poorer agreement with the apparent

lifetime of the dissociating complex. CBS limit, which lies near-32.5 kcal/mol, than the uncorrected
On the theoretical side, none of the factors we examined energies. This observation, as well as similar observations for
produced a significant difference in our predicted valueAldf K*(DME)3* and M"(H,0), clusters, suggests that for cationic

Although BSSE for the smaller 6-31G* basis set was on the  clusters in general the counterpoise correction does not lead to
order of 5 kcal/mol at the MP2 level, the counterpoise correction improved agreement with the CBS limit for the correlation-
brought the binding enthalpies back into good agreement with consistent basis sets.

the larger aug-cc-pVDZ basis set results. Optimization of the  Mulliken population analyses of the MDXE) complexes
MT(DXE) geometries at the MP2 level lowered their energies show pronounced charge transfer for the smaller cations,
by several kcal/mol, but the differential effect on the dissociation amounting to 0.3 & for Li and 0.1 € for Na, whereas Cs
enthalpies was 0.4 kcal/mol. All of the aug-cc-pVDZ values  shows only a 0.04 etransfer from the ether oxygens. A natural
in Table 2 are +2 kcal/mol smaller than the 6-31G* values, energy decomposition analysis (NEDAJttributes 24 kcal/
but the complete basis set limit for t2eH2% of K*(DXE) is mol of attractive interaction to @ M* charge transfer in the
similarly 2 kcal/mol larger than the aug-cc-pVDZ value. To LiT(DXE) complex. Although the magnitude of the attractive
the extent this result is indicative of the trend for the other electrostatic contribution to the binding energy decreases with
cations, we would estimate that the MP2/6+33* binding decreasing binding strength along the td Cs" sequence, the
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-28 | } | the Lit to Cs" sequence for the geometric parameters shown
in Figure 3 are qualitatively similar to what was observed for
29 ] X coPVDZ (CP) | M*(DXE). . .
M*(DXE), can be compared with the related quadridentate
iaug-cc-pVDZ (CP) complex MF(DME)y, in which the four aliphatic ether donors
30 — ! have greater freedom to orient themselves about the central

metal. The M-O distances for M(DXE), and M*(DME), are
identical, to within 0.01 A, with the exception of £34 Lithium
is sufficiently small such that the steric repulsion between the
6.314G* @ RHE Geom. DME ligands results in L+O distances that are 0.03 A longer
-32 than the values for Li(DXE),.32
@ DZ Geom. As noted previously? the use of effective core potentials
for weakly bound systems can give rise to spurious imaginary
frequencies owing to the need for numerical difference tech-
niques for computing second derivatives in codes such as
B Gaussian 94. Specifically, the RIDXE), and Cg(DXE);
complexes exhibit small imaginary frequencies that we consider
J i to be numericallnoisg. The RHF optimizeq structure forRb
vbz VTZ vaz (DXE);, has two imaginary frequenmes (3_.7| and 0.6i) and-Cs
. . (DXE),; has three (5.5i, 5.3i, and 3.4i). We have shown
Basis Set Size previously that resorting to an MP2 optimization will eliminate

Figure 2. Basis set convergence for the binding energy 5{IXXE) these imaginary frequencies, but that the impact on binding
at the MP2 (core/valence) level of theory. The counterpoise-corrected energetics is negligible.

values of the binding energy are indicated #y(cc-pVDZ) and x . -
(aug-cc-pvD2). We have chosen to define the total binding energy ¢t M

(DXE);, as the energy change associated with the reaction

c

=31

@ aVDZ Geom.

AE,, Binding Energy (kcal/mol)

34

-35

M* + 2DXE — M*(DXE), 1)
Y &} where a counterpoise correction was made for each of the three
s \ ‘ . oMo reactants using the compl_ex’s geometry. The ir_mremental
U: 1.964 A Y G sae binding energy of M(DXE); is then taken to be the difference
Na: 23142 N Na: 73.0° (front view) in total binding energies of MDXE) and M"(DXE),.
Rb: 2.987 A @ Rb: 56.9° In general, the agreement between the counterpoise-corrected
Cs: 3.232A Cs: 52.5° MP2 and CID experimental binding enthalpies{(({®XE), —

M™(DXE) + DXE) is worse than it was for the MDXE)
bidentate complexes (see Table 2). Only*Nand K are
reasonably close. For the other three complexes, the threshold

M+ 0cco .

Li: 50.0° CID values are 2640% smaller than the theoretical values. If
el we attempt to normalize the error by dividing the difference
22: 252 between theory and experiment by the number of metaygen

interactions, we arrive at a different perspective. The average
unsigned error per N-O interaction for the M(DXE)
complexes is 2.1 kcal/mol, compared with 1.5 kcal/mol for the
M*(DXE), complexes.

C. M™(12c4). The cavity in 12c4 is too small to accom-
modate any of the cations considered in this study. As seen in
Figure 4 where the RHF/6-31G* optimized structures for N+
(12c4) are shown, all of the alkali metals sit atop the crown.
The crown is folded in such a way as to allow each of the four
ether dipoles to point toward the cation irCa configuration.

. . The height of the cation above the oxygen plane varies from
Figure 3. Optimized M"(DXE); structures &, symmetry) at the RHF/ . ’ ; -
6-%1+G* Ievpel of theory(. The)zLi data wer%1 tgken fro}r/r)1 Ray efl. 0.71 Afor Li* to 254 A for Cs. The Li-O distance, which

is the only distance to show appreciable change between Li
relative contribution to the total binding energy is nearly (DXE), and Li*(12c4), is 0.04 A longer in the latter.
independent of the type of metal or ligand type for complexes  The binding energies for the 12c4) complexes are taken
containing the same number of oxygens. relative to the lowest energy conformation of the crown. A

B. MT(DXE),. The RHF/6-314-G* optimized geometries  variety of ab initio, semiempirical, and molecular mechanics
of the MT(DXE), complexes are shown in Figure 3. The calculations have all shown this conformer to be the global
lowest-energy conformers were found to possRss/mmetry. minimum#254 As seen in Table 2, ['(12c4) is the only case
A reduction in the metal cation charge caused by charge transferwhere the magnitude of the CID experimental binding enthalpy
from the first DXE ligand and DXE~> DXE repulsion results exceeds the theoretical value. This may not be significant, since
in a lengthening of the M—0O distances relative to their values the experimental error bars are quite largd 2 kcal/mol). MP2
in MT(DXE). The effect is most pronounced for the smallest calculations on K(12c4) with the much larger aug-cc-pVDZ
cation (Li"), with an increase iRyo of 0.1 A. Trends across basis set show very little difference with the MP2/6+33*

(top view)
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- M+ OM+O
M* Puo Li: 828
Li: = 2.001 A Na: 72.1°
Na: 2.339 A K- 60.9°
K: 2757 A Rb: 56.1°
Rb: 2.988 A Cs: 52.0°

& (side view)

"
m+ ccocc ut occo
Li; 93.4°,-168.7 vt £0C
Na: 86.2°,-165.4° i 49.9°

: o o Na: 54.7
K: 83.4°,-164.1 Na: 5477
Rb: 82.3°,-163.6° K. see
Cs: 81.7°,-163.2° : 57,

Cs: 58.1°

(top view)

Figure 4. Optimized Mf(12c4) structures@, symmetry) at the RHF/
6-31+G* level of theory. The Li data were taken from Ray efal.

Figure 5. Optimized K(12c4), Rb(12c4), and C§12c4) structures

counterpoise-corrected value. At 435 functions, these were the(Cz. symmetry) at the RHF/6-32G* level of theory.
largest correlated geometry optimizations performed in this
study. for Rb™(12c4) and C5(12c4), the K complex actually showed

The discrepancy between theory and experiment is unusually@ Slight decrease (0.006 A) in two of the metakygen
large for Rb (16 kcal/mol) and Cs (13 kcal/mol). More e#al. distances and no c'han'ge in the other two, compared with the
have discussed possible sources of error in the interpretation ofRvo values shown in Figure 4.
the CID data. Of these, they concluded that overestimating the  TO invoke the higher-lying conformations of Rid2c4) and
lifetime of the activated complex prior to dissociation was Cs'(12c4) as a possible explanation for the differences in the
unlikely. Another explanation for the anomalously low experi- theoretical and experimental binding enthalpies, it is necessary
mental binding enthalpies was the possibility that a significant to rationalize the apparently good agreement fo(c4), for
number of complexes were trapped in a higher-energy confor- which a similar high-lying conformation exists. It may be that
mation. Given a mixture of M(12c4) complexes, some inthe the Rb*(12c4) and C5(12c4) complexes possess significantly
minimum energy conformation and others in a higher-lying higher barriers separating t®, andC, conformations, whereas
conformation, the dissociation threshold detected by the CID the strength of the K> 12c4 interaction is such that the barrier
experiment would correspond to the least strongly bond would be much smaller.
conformer. Identifying the transition state or multiple transition states

Although a detailed examination of the case for higher-lying connecting theCs and C, structures is computationally very
conformers as the source of the disagreement between theorghallenging because of the size of the basis set and the lack of
and experiment is beyond the scope of the present work, weanalytical algorithms for computing second derivatives in our
were able to identify MP2/6-3#G* C,, symmetry conformers ~ computer codes. A cruder approach to estimating the size of

of K*, Rb*, and C¢ (see Figure 5) that lie 1314 kcal/mol the barrier was made in the following manner. The intercon-
higher in energy than th€, global minima. In this higher- yersion of theC4 andC,, structures principally involves a change
lying conformation, the 12c4 ring resembles tBe global in OCCO dihedral angles such that the two ether oxygens that

minimum structure of the isolated crown. Two ether oxygens point away from the metal in th€;, conformation are rotated
point toward the cation and two point away. Subtracting 14 to point toward the cation. This change could occur via a
kcal/mol from theC, binding enthalpies listed in Table 2 yields ~concerted motion of the two oxygens or, in a stepwise fashion,
—33 (K), —25 (Rb), and—22 (Cs) kcal/mol. In the case of One oxygen at a time. A rough estimate of the barrier height
Rb* and C¢ this brings the theoretical value into much better in the former case was found by following a linear synchronous
agreement with the experimental value2@ + 3 and—21 + transit (LST) between the two configurations of the heavy atom
3 kcal/mol). However, for K the change in binding enthalpy ring. The positions of the hydrogen atoms and the Rb cation
significantly worsens the agreement with experimental results. were optimized. This procedure led to nearly identical barriers
The fact that the energy gap between all th@g complexes of ~11 kcal/mol relative to th€;, structure for all three cations

in Figure 5 and their respective global minima were essentially (K*, Rb*, and Csg).

the same came as something of a surprise. In general, the We were also able to identify minima in which three oxygens
smaller the cation, the shorter the"MO bond length and the  pointed toward the metal cation and one pointed away. The
stronger the interaction. We expected to find that two of the resulting potential energy surface is shown schematically in
MO distances, corresponding to the oxygens pointed away from Figure 6. Here again, all three complexes were approximately
the cation, would be lengthened. Although that was the casethe same energy (8 kcal/mol) above their respective global
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Figure 7. Upper plots shows the MO relaxed stretching potentials
and the M-O—C relaxed bending potentials for (DME) and Cs-
(DME). The out-of-plane tilt is denoted and the bend away from the
Figure 6. Schematic representation of the three"Rli2c4) conforma- perpendicular bisector plane is denotgdThe lower plot shows the
tions. Energies and geometries were obtained at the RHF&531 M—O—C bend angles, relative to the planar configuration of the metal
level. and the C-O—C ether functional group for NL (L = DXE, DXE,,

and 12c4), as a function of increasing cation radius.
minima and the LST barriers were approximately the same
height (11 kcal/mol above theC,, minima). It should be crystal structures, with the additional constraint that the force
emphasized that the actual transition states may lie much lowerconstants should smoothly decrease as the size of the cation
in energy than the LST maxima. Thus, although we have Increases.
identified higher-lying conformers for K, Rb, and Cs, we have
not been able to uncover theoretical evidence that would explainlV. Summary and Conclusions
why the K(12c4) C,, structure does not adversely affect the
observed CID threshold, where excellent agreement between

theory ar_1d experiment is found. 1,2-dimethoxyethane ligands or 12-crown-4 have been computed
In their work on crown ethers, Hay and Rustadhave  ging Hartree-Fock wave functions or second-order perturba-
empha_3|zed the importance of aligning the _ether dlpole_toward tion theory. A range of basis sets was used in order to probe
the cation. In complexes formed from a single DME ligand, the convergence of the results with respect to the basis set
the metal is considered to achieve an “ideal” distance and completeness. The results are compared with recently reported
orientation relative to the oxygen electron donor. With this as tyreshold CID experimental results. Although good agreement
a reference point, one can obtain a qualitative estimate of theas found in general, experimental and theoretical bond
strain energy associated with the complexes discussed in thisgjssociation enthalpies for the heavier cations sometimes differed

Structures and binding enthalpies of complexes formed from
a single alkali metal cation (Ltithrough Cg) and one or two

work. The M-O stretch and bend potentials for{(DME) by as much as 14 kcal/mol or more. Higher-lying conformers
and CS(DME) are shown in Figure 7. The surfaces are of Rp+(12c4) and C§(12c4) were identified as possible causes
geometry-relaxed at the RHF/6-8BG* level of theory. Metat- for the discrepancy between theory and experiment for these

oxygen distances for MDXE);—, and M"(12c4) complexes species.
can be found in Figures 1, 3, and 4. Values of the two bend
angles(andqb) for the same complexes are shown in the lower Acknowledgment. This research was supported by the U.S.
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